P
ercutaneous transluminal coronary angioplasty (PTCA) and stenting have been the central therapies to relieve arterial obstruction. Unfortunately, these surgical procedures are also known to damage vascular endothelium and cause inflammation. 1, 2 In physiological conditions, healthy endothelium produces various vasoactive molecules, which regulate arterial reactivity and maintain normal homeostasis. 3 Vascular injury caused by PTCA provokes prothrombogenic reactions in the form of von Willebrand factor (vWF) and P-selectin overexpression on the damaged endothelium and subendothelium layer, which subsequently triggers platelet adhesion, aggregation, and activation, along with smooth muscle cell proliferation. 4 These pathogenic processes eventually lead to restenosis, which considerably limits the long-term efficacy of these interventions. 5 Several approaches, including drug-eluting stents (DES), have been developed to reduce restenosis by releasing antimitotic agents to local vascular tissues. 6 However, drugs released from DES can also delay endothelial regeneration and contribute to an increased rate of late-stent thrombosis. 7 Since Asahara et al. first discovered CD34(þ) KDR(þ) endothelial progenitor cells (EPCs) in 1997, 8 several therapeutic approaches using EPCs to regenerate endothelium have been investigated. 9 For example, capturing
EPCs in situ via the coating of anti-CD34 antibodies on vascular grafts or stents has been reported with promising results to demonstrate the feasibility of an EPCcapturing strategy. 10, 11 Yet enhancing EPC homing to the damaged areas of arteries through a minimally invasive method remains a challenge for vascular endothelialization.
In this study, we developed plateletmimicking and EPC-capturing nanoparticles (NPs) to target injured blood vessels and encourage endothelium regeneration ( Figure 1a ). Urethane-doped polyesters (UPEs), citrate-based, biodegradable, and hemocompatible elastomers developed in our laboratory, were chosen for NP material. UPEs have shown great potential in multiple tissue engineering applications including vascular tissue engineering. 12, 13 In addition to their excellent cytocompatibility and hemocompatibility, UPEs possess many carboxyl and hydroxyl units, thus providing rich chemical functionalities for biomolecule conjugation, which is essential for surface modification of the NPs. In this study, glycoprotein Ib (GPIb) and anti-CD34 antibodies were conjugated on the NPs to make the multifunctional targeting nanoparticles (MTNs) (Figure 1aÀc ). Conjugation of GPIb enables the NPs to target vWF and P-selectin, which are overexpressed and/or deposited on the injured arterial wall, 14 whereas anti-CD34
antibodies conjugated on the NPs are used for capturing EPCs from the circulation once the NPs are anchored on the injured arterial wall. 15 Previous studies demonstrated that the hydrodynamic dislodging forces exerted on the NPs adhering on the vessel wall are less than that on platelets and leukocytes, which are at micrometer sizes. 16 Thus, MTNs might be easier than platelets to adhere on the injured blood vessel and prohibit subsequent platelet adhesion and thrombosis. In addition to competing with the platelets, MTNs might act as a scaffold to capture circulating EPCs for regenerating endothelium in situ.
To test these hypotheses, a series of studies were carried out to investigate several pivotal aspects of the design: (1) targeting specificity to vascular injury; (2) competitive binding with platelets; (3) in situ EPC capturing in the bloodstream; and (4) efficacy on regeneration of endothelium in vivo.
RESULTS
Particle Fabrication and Characterization. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) showed that fabricated NPs were spherical with smooth surfaces (Figures 2a,b) . Conjugation of GP1b and anti-CD34 antibodies slightly increased the particle sizes from 420 to 450 nm in diameter (Table 1) . BSA loading efficiency in the UPE NPs was about 65%. As shown in Figure 2c , 40% of loaded BSA was quickly released within the first day of study followed by a sustained release up to 21 days (∼2% /day). Particles degraded with a higher rate within the initial 15 days and then slowed for the remaining time. After 30 days, particles were degraded about 90%.
In Vitro Hemocompatibility and Cytocompatibility of MTNs. Hemocompatibility of MTNs was evaluated by examining the adhesion and activation of platelets on an MTNcoated surface. The amount of platelets adhered on an MTN-coated surface was significantly less (p = 0.02) compared to that adhered on a vWF-coated surface (Figure 3a) . The percentage of activated platelets (CD62p(þ) or PAC-1(þ)) was also significantly lower on MTN-coated surfaces compared to that on vWFcoated surfaces (Figure 3b ). SEM showed that most platelets that adhered on vWF-coated surfaces were deformed and extensively aggregated (Figure 3 .c1), another indication of platelet activation. On the ARTICLE MTN-coated surface, fewer platelets were found adhered (highlighted in the red circle) with less platelet aggregation and deformation (Figure 3 .c2). In vitro cytotoxicity was evaluated by incubating human aortic endothelial cells (HAECs) with MTNs at various concentrations. We find no apparent cell toxicity of MTNs to HAECs for up to 100 μg/mL. From 200 to 1000 μg/ mL, there are slight decreases in cell viability as the NP concentrations increased, yet the cell viability is above 90% for all samples (Figure 3d) (Figure 4a3 ). These results support that MTNs have higher specificity to surface vWF than control NPs.
In the ex vivo targeting study, MTNs were also found to cover a much bigger areas of the injured arteries with high density of the particles (indicated by higher fluorescent intensity) compared to the control NPs (Figure 4b1 ). The amount of MTNs nearly doubled compared to that of the control NPs (Figure 4b2 ).
Binding Competition of MTNs with Platelets. The ability of MTNs to compete with platelets for the injured endothelium was also tested in vitro. In support of our hypothesis, we observed that the presence of MTNs reduced by ∼50% platelet adherence to the vWFcoated surface compared with that of the controls (Figure 5a ). SEM images confirmed that the vWFcoated surface was covered with platelet aggregations when only platelets were incubated without MTNs 
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( Figures 5b1,b2 ). When MTNs were incubated together with platelets, the vWF-coated surface was covered by mainly MTNs and fewer platelets (Figures 5b3,b4) . In Vitro EPC Capturing by MTNs. Studies were carried to assess the ability of MTNs to attract circulating EPCs. As shown in Figure 6 , the rate of EPC adhesion on MTNs was nearly two times as fast as on GPIb-conjugated NPs within the first hour of incubation. Ninety-eight percent of the EPCs adhered on the MTNs at the end of the first hour. On the other hand, the number of cells adhered on GPIb-conjugated NPs appeared to slowly increase and finally reached a similar level in 6 h. After 6 h incubation, cell quantities in both groups reached equilibrium, which might be due to the cell settlement onto the surfaces after seeding for a long time.
Preliminary in Vivo Studies of MTNs. The efficacy of MTNs to capture EPCs was evaluated using a rat balloon angioplasty injury model. The accumulation of near-infrared 
(NIR)-dye-labeled EPCs at the injury sites was monitored at different time points. Fluorescence emitted from the arteries after animal sacrifice illustrated the capturing of the delivered EPCs by the MTNs at the vascular injury site (Figure 7a ). The strongest intensity of the fluorescence was detected 90 min after EPC injection, and it decreased to about 68% after 7 and 21 days.
The extent of angioplasty-induced endothelium injury in the presence or absence of MTNs was also evaluated histologically. Elastin staining was used to identify internal and external elastic lamina (IEL) for evaluating the neointimal hyperplasia of the treated arteries. As shown in Figure 7b , extensive neointima hyperplasia (21st day > seventh day) was observed after the angioplasty procedure in the untreated group (no MTN and EPC injection). In comparison, MTNs and EPC injection suppressed the neointimal hyperplasia after angioplasty (i.e., less intimal area and larger luminal area), as seen in Table 2 .
We also studied the endothelium regeneration for injured arteries based on the results of anti-CD31-DAB (which indicates endothelium) IHC staining. Figure 7c compares the outcome between untreated and ARTICLE treated groups after 7 and 21 days. In the untreated specimens, the arterial lumen was covered with an increased endothelial cell number over time, and this phenomenon was significantly enhanced when MTNs were delivered. Equally important, there was a ∼60% increase compared to that of the control group in the degree of re-endothelialization after 21 days when the animals were treated with MTNs.
DISCUSSION
Here we report the development of novel MTNs, which combines the advantages of nanotechnology and tissue engineered scaffolding, for treating angioplasty-induced vascular injury. We postulate that by modifying nanoparticle surfaces with both GPIb and anti-CD34 antibodies, the resulting nanoparticle system can perform four major simultaneous functionalities. First, to mimic activated platelets, our nanoparticles were conjugated with platelet GPIb, a region of sulfated tyrosines to appear as main recognition epitopes on platelets for vWF binding. 17 By linking GPIb on the surface, nanoparticles mimic platelet-binding behavior to accumulate at the site of injured vessels especially under high shear rates, thus enabling MTN targeting especially onto the injured arteries. Second, to capture circulating CD34(þ) EPC, MTNs were conjugated with anti-CD34 antibody. With antibody on the surface, our results have revealed that MTNs are also capable of capturing EPCs at the injured site, which indirectly reduce platelet adhesion and directly promote endothelium regeneration in situ. Third, biodegradable functional MTNs locally delivered to the vascular injury can act as a temporary scaffold that allows for EPC-mediated healthy endothelium formation. In addition, the MTN layer can also act as a temporary barrier to prevent platelet adhesion on the injured site, inhibit smooth muscle cell migration and proliferation, and promote complete regeneration of endothelium. Finally, the MTNs can also serve as payload carriers for various compounds such as growth factors. Through controlled release of the desired compound, this system can provide an optimized environment for EPC proliferation and differentiation, thereby increasing the effectiveness of endothelium regeneration. UPE, a novel polymer developed in our group for tissue engineering applications, 12 was utilized for particle fabrication due to its demonstrated biodegradability, 18, 19 cyto/tissue compatibility, hemocompatibility, and rich functional group for conjugation of biomolecules. The excellent hemocompatibility and cytocompatibility of UPE polymers are advantageous for their use in blood-contacting applications. 12, 18, 20 Similar to the previous studies demonstrating the hemocompatibility of UPE films and scaffolds, 13 our results of UPE nanoparticles also show hemocompatibility in terms of less platelet adhesion and activation. Biologically, platelet activation can be followed by expression of CD62(þ) and PAC-1. 21 Results from SEM, LDH assays, and flow cytometry studies showed less platelet adhesion and activation on substrates after coating of vWF surfaces with MTNs. In addition to hemocompatibility, we also found that MTNs have no apparent toxicity to HAECs up to 1000 μg/mL. These results indicate that MTNs are hemocompatible and noncytotoxic and, thereby, could be used as nanoscaffolds for endothelium regeneration in situ.
One of the major motivations of this research is to reduce the complications associated with angioplasty/ stenting procedures, such as platelet deposition and activation onto the injured arterial wall. Our nanoparticle scaffold system was designed to mimic the behavior of platelet binding to injured/damaged endothelium via the affinity of GPIb to vWF/P-selectin after cardiovascular interventions. Thus, these nanoscaffolds would have the potential to compete with platelets to bind onto the injured arterial wall. In support of this assumption, our results have shown a competitive binding of MTNs at vascular wounds presented as vWF surfaces. It is known that following platelet adhesion and aggregation at the wound site, cytokines are secreted, which activates the cascade of early and late thrombotic complications in patients implanted with coronary stents, including DES. 22 Antiplatelet therapies, although effective, require long-term continuous administration. 23 Different from direct drug administration and DES, our approach is to actively suppress platelet adhesion by blocking platelet adhesion onto vWF/P-selectin using nanoscaffolds localized onto the wound site while simultaneously recruiting EPCs for endothelial regeneration. Inspiringly, our results have shown significant achievements in both targeting the injured arterial wall and homing EPCs onto this site. This might not only increase therapeutic efficacy but also reduce the risk of late thrombosis and restenosis that are often observed after angioplasty/ stenting procedures. Other groups have also applied nanoparticles for antithrombosis/antirestenosis treatments. For example, Siddhartha Shrivastava et al. delivered nanosilver systemically for antiplatelet purposes and found that these particles accumulated within platelet granules, interfering with interplatelet proximity and reducing their integrin-mediated activation. 24 However, cell, tissue, and organ toxicity might be a concern with repeated treatment of silver nanoparticles. On the other hand, our biodegradable MTN system does not have such limitation, as our materials would be degraded and could be used for a long-term and repeated treatment. In our previous studies, long-term in vivo evaluation of the cross-linked UPE scaffolds implanted subcutaneously in SpragueÀ Dawley rats for 8 and 24 weeks demonstrated that the material was degraded over time and there was no significant chronic inflammation or tissue necrosis in all tested animals. 18 In vitro and in vivo studies of another urethane-doped citrate-based biodegradable photoluminescent elastomer also show the excellent ARTICLE cytocompatibility. 19 These studies suggest that the UPE MTN system may not cause a systemic toxicity and inflammation effect, which will be determined extensively in future work. Polymeric particles, such as polylactic-co-glycolic acid (PLGA) nanoparticles, have been extensively developed and used as carriers of therapeutic reagents to treat cardiovascular diseases. For instance, Alexandre C. Zago et al. locally delivered sirolimus nanoparticles after PTCA to treat in-stent restenosis in a swine model, which reduced 50% of luminal volume loss and neointimal volume gain. 25 Song C. et al. also studied the efficiency of restenosis suppression by allowing cells to take up an antiproliferative agent loaded PLGA nanoparticle. 26 Positive results presented by current research certainly support the feasibility of nanoparticles for drug delivery applications. However, the duration and efficiency of particle retention at the target site under physiological flow conditions might be a limitation. With targeting ligands mimicking the binding of platelets onto the injured arterial wall under blood flow, the localization and retention of our MTNs were substantially enhanced and prolonged when compared to control particles in both in vitro and preliminary in vivo studies. These exciting observations support that a ligandÀreceptor targeting strategy can be used to overcome current obstacles. Our study might be the first to investigate the use of nanoparticles serving as multifunctional nanoscaffolds for endothelium regeneration. Another important aspect of MTN functionality is the capacity of "EPC capturing". It is well understood that anti-CD34 antibodies can be used to recruit endothelial progenitor cells in the circulation. 27, 28 Clinical studies on "EPC fishing stents" positively supported the feasibility of applying this antibody against CD34 expressed on EPC surfaces. 29 However, EPCs have to compete with many different cells, especially blood cells and smooth muscle cells (SMCs), in vivo on adhesion and proliferation on these implant surfaces. 30 In addition, owing to low selectivity of the anti-CD34 antibody to EPCs, inflammatory/hematopoietic cells were also attracted to the stents. 31 So far no single marker is both highly selective and specific to EPCs. Yet Mario Peichev et al. utilized the combination of two markers, AC133 and VEGFR-2, and their results indicate that the accuracy for EPC labeling and identification can be enhanced. 32 In our group, several EPC binding molecules, including anti-CD34 antibodies, 33 anti-VEGFR2 antibodies, 34 laminin-derived peptides YIGSR, 35 phage display-selected peptides TPSLEQRTVYAK, 36 and DNA aptamers, 37 are also tested to filter out the best ligand/antibody combination for EPC capturing in parallel. For "a-proof-of-concept" purpose, anti-CD34 antibody was used in the current experiments. Our in vitro results in cell capturing showed a faster adhesion of EPCs when substrates were precoated with MTNs. Furthermore, the presence of EPCs at the vascular injury site in rodent animals also strongly supports the targeting and "EPC capturing" ability of MTNs. These results indicate that MTNs could be used for recruiting EPCs at the injured arterial wall and facilitating endothelium regeneration in situ.
Our preliminary in vivo studies showed that the group of rodent models treated with MTNs had significantly reduced neointimal formation and enhanced endothelium regeneration. Previous studies have found that the development of early neointima (1 day to 1 month) is due to the SMC proliferation-mediated expansion and deposition of platelets, 38 which released cytokines to up-regulate inflammation activities and promote the dedifferentiation of mature medial smooth muscle cells to a proliferative phenotype. 39 The competitive binding of MTNs onto the injured arterial wall might suppress many platelet-mediated reactions and subsequent SMC responses, therefore successfully decreasing neointimal formation as observed in our animal studies. Additionally, MTNs promoted a more rapid reconstruction of endothelium by locally capturing EPCs and further supporting their adhesion. The nanoscaled MTN surfaces could also be one of the factors stimulating tissue regeneration, as cells are known to adhere effectively onto the micro/nanotopography surfaces. 40, 41 After 21 days, our results presented a 60% increase of endothelium regeneration and 53% decrease in neointimal volume gain. These results support that MTNs may be used as a new treatment for angioplasty-induced endothelium injury. Despite these exciting findings, substantial work is needed on refining the MTN design. For example, the optimal MTN size on endothelium regeneration has yet to be determined. Particle diameters affect the efficiency of particle retention onto the arterial wall as well as control the circulation half-life of particles in the body. It is known that particle sizes below 300 nm tend to be internalized by cells via either nonspecific pinocytosis or receptor-mediated endocytosis pathways, whereas particles about 500 nm or larger tend to stay on the cell membrane. 42À44 In addition, particles with a size larger than 300 nm in diameter are often accumulated in the liver, spleen, and lung, making them unavailable at the arterial wall when they are delivered systemically. 45 In this research, nanoparticles have been formulated and used due to many of their advantages in vascular delivery, including ease of local delivery via infusion catheters, minimal inflammation, the lessened risk of arterial occlusion, and avoidance of clearance/phagocytosis by the reticuloendothelial system. 45À47 However, microparticles are known to provide more sustained drug release and higher stability and are better for cardiovascular drug delivery applications. 48À51 Future studies will be performed to investigate the effects of different particle sizes via catheter infusion delivery for endothelial regeneration ARTICLE in situ. In addition, the influence of localized released growth factors on endothelium regeneration should be investigated. Better mitotic effects on ECs and greater blood vessel regeneration have been observed when nanoparticles were used to provide the localized release of various growth factors such as VEGF, bFGF, and PDGF. 52, 53 Future work will also involve the use of growth factors including VEGF and bFGF to facilitate endothelium regeneration.
CONCLUSIONS
We have developed UPE-based MTNs as a novel nanoscaffolding device to regenerate endothelium in situ. This nanoscaffold not only binds to the injured endothelium and/or subendothelium specifically to suppress local reactions regulated by platelet aggregation and activation, but also recruits and supports circulating EPCs for in situ endothelium regeneration. Our in vitro and in vivo results positively supported our hypothesis that MTNs can perform in a site-specific targeting manner by accumulating at the injured endothelium and subendothelium and provide an active mechanism for tissue repair. We believe, under the nanotechnology and tissue-engineering concepts, our multifunctional nanoparticle scaffold may provide a unique approach to treat angioplasty-induced vascular injury.
MATERIALS AND METHODS
Materials. Poly(vinyl alcohol) (PVA), 2-(N-morpholino)-ethanesulfonic acid (MES), 1-ethyl(dimethylaminopropyl) carbodiimide, N-hydroxysuccinimide (NHS), NIR-797 fluorescent dye, Histopaque-1077, and other chemicals (unless specified) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombinant Human GPIb-R was received from R & D System (Minneapolis, MN, USA). Anti-human CD34 antibody was obtained from BD Bioscience (San Jose, CA, USA). Human aortic endothelial cells were purchased from Invitrogen Life Technologies (Grand Island, NY, USA).
Fabrication and Characterization of MTNs. UPE was synthesized in our laboratory as described earlier.
13 UPE NPs were fabricated using a precipitation technique as previously described. 54 In brief, 5 mL of UPE polymer solution (1% w/v in 1,4-dioxane) was added dropwise into a PVA solution (0.1% w/v in deionized water) under constant stirring. After the particle formation, the particle suspension was dialyzed with a 6000À8000 MWCO dialysis tube for 6 h and collected with lyophilization. To formulate MTNs, GPIb and anti-CD34 antibodies were conjugated to the surface of UPE NPs via carbodiimide chemistry as previously described. 55 In brief, 15 mg of NHS was added to the UPE NP suspension (10 mg/mL in 0.1 M MES) to activate the carboxyl groups of the NPs. After washing off unreacted materials, 50 μg of GPIb and anti-CD34 antibodies were added into the particle suspension and incubated for 3 h with continuous shaking at room temperature. At the end of the reaction, NPs were washed via dialysis and ultracentrifugation. After lyophilization, the MTNs (dual-ligand-conjugated NPs) were collected.
The particle sizes, size distribution, and surface potential were measured via the dynamic light scattering (DLS) method using a ZetaPALS zeta potential analyzer (Brookhaven Instruments Inc., Holtsville, NY, USA). Scanning electron microscopy (Hitachi S-3000N variable pressure, Hitachi, Pleasanton, CA, USA) and transmission electron microscopy (Tecnai G2 Spirit 120 kV, FEI, Hillsboro, OR, USA) were also used to measure the size and observe the morphology of the NPs.
Bovine serum albumin (BSA) was used as a model protein to evaluate the drug delivery property of the NPs. BSA-loaded NPs were formulated similarly to that mentioned above with a slight modification of adding the BSA solution (20 mg of BSA in 200 μL of deionized water) into the polymer solution for NP fabrication. BSA loading efficiency in the NPs was calculated indirectly by subtracting the amount of BSA not loaded in the NPs from the total amount of used BSA. To study the protein releasing profile from the UPE NPs, BSA-loaded NPs were resuspended in phosphate buffered saline (PBS) and incubated at 37°C. At different time points (0, 1, 4, 7, 11, 16, 21 , and 30 days from incubation), the supernatant was collected and the released BSA was quantified using the BCA protein assays. The cumulative percent BSA release was then plotted against the incubation time.
To study the NP degradation, UPE NPs were incubated in PBS at 37°C. At predetermined time points, the particle size was measured using DLS. The particle weight was also recorded after lyophilization. The particle diameter reduction percentage was calculated as (initial average particle diameter À measured average particle diameter after incubation)/initial average particle diameter.
In Vitro Hemocompatibility and Cytocompatibility of MTNs. Hemocompatibility of MTNs was evaluated by studying platelet adhesion, activation, and blood clotting on MTNs.
12 vWF (5 μg/mL) was coated on glass slides to mimic the injured arterial wall surface (with overexpressed vWF). MTNs (400 μg/mL) were attached on the vWF surfaces as previously described. 55 After preparing the testing surfaces (vWF or MTN), plateletrich plasma was added on top and incubated for 1 h. Adhered platelets were quantified using LDH assays (Promega Corporation, Madison, WI, USA) following the manufacturer's instructions. Adhered platelets were also observed using SEM. Platelet activation was further evaluated by detecting P-selectin (CD-62p) and PAC-1 expression on the exposed platelets using flow cytometry (BD Calibur) as previously described. 2 To study the cytotoxicity of the MTNs, HAECs grown in 96-well plates were allowed to reach 80% confluence and then incubated with MTNs or unmodified UPE NPs (control NPs) for 24 h at 37°C. The concentrations of the NPs studied were 0, 50, 100, 200, 500, and 1000 μg/mL. After incubation, cell cytotoxicity was measured using MTS assays (Promega Corporation, Madison, WI, USA) following the manufacturer's instructions.
MTN's Targeting to vWF in Vitro and Injured Blood Vessel ex Vivo. To study the NP targeting in static conditions, suspensions (200 μg/mL) of MTNs or unmodified UPE NPs (control group) were incubated on vWF-coated glass sides for 1 h. To determine the NP targeting in the flow condition, NP suspensions were flown over the vWF-coated glass sides at 10 dyn/cm 2 using a parallel flow system. 16 After a 30 min flow, the glass slides were gently rinsed with PBS to remove loosely bound NPs and examined with SEM. The images were analyzed using ImageJ software to calculate the NP coverage on the vWF substrate.
In the ex vivo NP targeting study, near-infrared dye (NIR-797)-loaded MTNs were incubated on the luminal surface of the fresh porcine aorta after scraping off the endothelium. After an hour of incubation, the arteries were rinsed to remove loosely bound NPs. A Kodak in vivo FX imaging system (Carestream, Rochester, NY, USA) was employed to observe the NPs bound on the arterial wall and measure the fluorescent intensity of the NPs adhered on the arteries.
Binding Competition of MTNs and Platelets on vWF. In order to simulate the platelet numbers in platelet-rich plasma (PRP) (2 Â 10 8 / mL), 16.8 μg/mL of MTN (average particle size 400 nm) was used in this study based on the calculation described previously. 55, 56 The MTN suspension (200 μL) was mixed with 200 μL of PRP and added on top of vWF-coated glass slides and incubated for 1 h. In the other group, PRP (200 μL) was incubated on vWF surfaces for the same period of time. After incubation, the slides were gently rinsed, and LDH assays were used to quantify the platelets adhered as described above. In parallel, substrates were also prepared for SEM observation.
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In Vitro EPC Capturing by MTNs. EPCs were isolated from blood using Histopaue-1077 (Sigma-Aldrich) following the manufacturer's procedures. In brief, the mononuclear fraction was collected after density gradient centrifugation. Cells were cultured using the endothelial basal medium-2 supplemented with EGM-2 SingleQuots (Lonza) until enough cells were achieved. To evaluate the EPC-capturing functionality, MTNs (GPIb/anti-CD34 antibodies conjugated) or GPIb-conjugated (one ligand) UPE NPs were incubated on vWF-coated surfaces as described above. To study EPC capturing, EPCs (10 5 cells/mL) were incubated on the substrates for 10 min, 1 h, 3 h, and 6 h under constant agitation at 37°C. After gently washing, immobilized EPCs were lysed and quantified with PicoGreen DNA assays (Life Technologies, Carlsbad, CA, USA) following the manufacturer's instructions.
In Vivo Animal Study. Animal experiments were conducted according to the animal welfare and IACUC-approved protocols from the University of Texas at Arlington. SpragueÀDawley male rats (one year old) approximately 300À500 g in weight were used in a balloon angioplasty injury model. Under anesthesia, rat carotid arteries were first identified and 2F angioplasty balloon catheters were carefully inserted from the external carotid artery into the common carotid artery. Vascular injuries were created by repeated inflation of the balloon at 8 atm. Next, MTNs (400 μg/mL) were infused into the injured artery segment as previously described. 57 Subsequently, rat EPCs were isolated and labeled with NIR dyes using procedures described earlier 58À60 and were injected to the artery to determine whether the MTNs could be used for EPC capturing in vivo. Wounds were closed and the animals were kept for 90 min, 7 days, and 21 days before being sacrificed. For evaluation, arteries were collected and stained by hematoxylin and eosin (H&E), as well as elastin staining, to determine the vascular stenosis (i.e., neointima hyperplasia). Moreover, immunohistochemical staining with anti-CD31 antibodies was used to identify the regenerated endothelial cells on the vessel. Recovery of injured vessels was calculated as the percentage of luminal surface covered by endothelium.
Statistical Analysis. Results were analyzed statistically using a two-way ANOVA (StatView 5.0 software, SAS Institute, Cary, NC, USA) with p < 0.05 between samples considered as a significant difference. Post hoc comparisons were made using the Fisher's least significant differences (LSD). All the results are given as mean ( SD (N = 3À10).
